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Abstract 11 
Geological strain analysis of sedimentary rocks is commonly carried out using clast-based 12 
techniques. In the absence of valid strain markers, it can be difficult to identify the presence 13 
of early pre-thrusting/folding tectonic fabric development and resulting Layer Parallel 14 
shortening (LPS).  15 
In this contribution, we present results from Anisotropy of Magnetic Susceptibility (AMS) 16 
analyses of Mississippian limestones from the Sawtooth Range of Montana. The Sawtooth 17 
Range is an arcuate zone of north trending, closely spaced, west dipping, imbricate thrust 18 
sheets that place Mississippian Madison Group carbonates above Cretaceous shales and 19 
sandstones. This structural regime is a result of the formation of the Cordilleran Mountain 20 
Belts of North America. This region is one of the world's classic foreland fold and thrust 21 
belts. The degree of deformation increases westward providing an ideal laboratory and 22 
geological setting to explore the potential correlation of AMS to thrust related intensity of 23 
deformation. The range of magnetic fabrics identified include undeformed bedding 24 
controlled depositional fabrics to tectonic fabrics controlled by the regional stress field.    25 
26 
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Introduction 27 
The initial formation of a penetrative tectonic fabric or cleavage usually develops as a 28 
response to coaxial layer parallel shortening (LPS) in fold and thrust belts (Cooper et al., 29 
1986; Mitra, 1994; Mitra et al., 1985; Yonkee and Weil, 2010). Cleavage formation alone can 30 
accommodate up to 60% shortening and develops through a combination of processes, such 31 
as pressure solution, grain rotation and grain recrystallisation (Ramsay, 1967 and 1969; 32 
Engelder and Marshak, 1985; Passchier and Trouw, 1998).  33 
The Sawtooth Range of North-Western Montana represents the front-range of one of the 34 
world’s classic fold and thrust belts associated with the deformation and development of 35 
the North American Cordillera (Fig. 1). The range is composed of numerous allochthonous 36 
thrust sheets of Carboniferous aged carbonates that were parts of the footwall of the 37 
regional scale Lewis Eldorado and Hoadley (LEH) Thrust Sheet  (Mudge and Earhart, 1980; 38 
Mudge, 1972a; Sears, 2001). Despite considerable bulk shortening (~60%), penetrative 39 
strain in the Mississippian carbonates has been largely limited to brittle deformation (Holl 40 
and Anastasio, 1992), with only a limited development of a penetrative tectonic fabric. In 41 
order to determine the extent of the development of this penetrative LPS fabric in the 42 
Sawtooth Range, anisotropy of magnetic susceptibility (AMS) data were collected on 43 
samples from five thrust sheets; all exposed along the Sun River in the Sawtooth Range (Fig. 44 
2). AMS data are capable of revealing the  susceptibility tensor of all the minerals that 45 
contribute  to the magnetic fabric and lineation of a sample and is, therefore, an ideal 46 
method for determining a rock’s petrofabric (Borradaile and Jackson, 2004).  The Diversion, 47 
Sawtooth, French, Norwegian, and Beaver thrust sheets are all well exposed by road cuts 48 
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and natural outcrops along the Sun River (Fig. 3), allowing good control on sample location 49 
within each thrust sheet.  50 
51 
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Geological Setting  52 
The central Sawtooth Range is an arcuate zone of predominantly north-south trending, 53 
closely spaced, west dipping, imbricate thrust sheets and associated folds comprised of 54 
Paleozoic and Mesozoic sedimentary rocks (Fig. 3; Holl and Anastasio, 1992). These 55 
eastward propagating thrusts typically placed dominantly Carboniferous Mississippian aged 56 
carbonate rocks of the Madison Group above Cretaceous shale and sandstones. Locally 57 
Devonian carbonate sequences are also present in the thrust system (Fig. 3; Mudge et al., 58 
1962; Mudge, 1970; DeCelles, 2004).  59 
The interbedded limestones and dolomites of the Madison Group are the most prominent 60 
lithologies exposed in the Sun River area (Fig. 3). Underlying the Madison Group Cambrian 61 
and Devonian stratigraphic sequence consists predominantly of carbonate rocks, but with 62 
subsidiary thin siliciclastic units. Precambrian Belt Supergroup strata consist of marine 63 
siliciclastic rocks with subordinate carbonate rock units (Fig. 4; Holl and Anastasio, 1992). 64 
The Madison Group is divided into the older Allan Mountain Limestone and the younger 65 
Castle Reef Dolomite Formations (Mudge, 1972a). The Allan Mountain Limestone Formation 66 
is characterised by thin beds of dark-grey limestone whereas the Castle Reef Dolomite 67 
Formation is mostly thick beds of light-grey dolomite (Mudge et al., 1962). These 68 
Carboniferous carbonate rocks rest unconformably on Cambrian and Devonian carbonate 69 
rocks and are unconformably overlain by Mesozoic strata (Mudge, 1972a). The overlying 70 
Mesozoic sequences are composed of Jurassic and Cretaceous marine and non-marine, 71 
foreland-basin, mudstone and minor sandstone (Mudge, 1972a).  72 
 73 
74 
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The  thrust sheets typically climb from a basal décollement at the top of the Devonian 75 
succession that culminates in the Cretaceous, with minor detachments in the Mississippian 76 
Allan Mountain Limestone Formation (Mitra, 1986). Close spacing of thrust surfaces led to 77 
the back-rotation and steepening of individual thrust faults in imbricate arrangements, and 78 
sigmoidal geometries (Mitra, 1986).  79 
The structural regime and deformation in the Sawtooth Range was generated by the 80 
emplacement of the Lewis, Eldorado, and Hoadley (LEH) thrust sheets (Fig. 1; Sears, 2001). 81 
The crustal scale LEH thrust package is a large allocthonous sheet composed of siliciclastic 82 
Mesoproterozoic to Phanerozoic strata, 70 -110 km wide and up to 30 km thick, with an 83 
eastward taper (Sears, 2001). The total displacement on the thrust sheet varies from 40 km 84 
to 140 km, with eastward transport initiating at 74 Ma and ceasing by 59 Ma (Sears, 2001; 85 
Fuentes et al., 2012). These ages are constrained by disruption in the structural and 86 
stratigraphic continuity of Campanian-Maastrichtian volcanogenic formations that are 87 
capped by 74 Ma tuffs (Sears, 2001 and references therein) and undeformed porphyritic 88 
dykes with an age of 59 Ma that cross cut thrusts at the leading edge of the LEH thrust sheet 89 
(Sears, 2001). These age constraints are conformable with direct dating of authigenic clay 90 
formation (68-73 Ma) in fault gouge from the Lewis Thrust in SW Canada (van Der Pluijm et 91 
al., 2006). The thrust structures exposed in the Sawtooth Range formed as an imbricated 92 
thrust wedge in the footwall of the LEH thrust sheet (Sears, 2001).  93 
With the emplacement of the LEH thrust sheet, the strata in the footwall experienced 94 
elevated temperature conditions during deformation and imbrication. Maximum 95 
temperature conditions have been constrained between 100˚C-175˚C, from illite bearing 96 
mineral assemblages recovered from Cretaceous shale  (Gill et al., 2002; Hoffman et al., 97 
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1976; O’Brien et al., 2006). O’Brien et al. (2006) concluded that chemical remagnetisation 98 
associated with these temperature conditions had occurred prior to thrusting and rotation 99 
of the carbonate rocks. This thermal regime, largely concurs with vitrinite reflectance 100 
studies that suggest only very localised frictional heating associated with large scale 101 
thrusting (Bustin, 1983). These data are further interpreted to indicate that any heating 102 
associated with the thrust related deformation of the Sawtooth Range did not exceed the 103 
temperatures associated with the preceding heating event in the LEH (i.e., 100˚C-175˚C). 104 
Holl and Anastasio (1992) estimated that the deformation of the strata of the Sawtooth 105 
Range accommodated a minimum bulk shortening of 60% based on section balancing. This 106 
shortening was primarily enabled by thrusting associated with the forward developing 107 
imbricate fan; thrusting, in turn, was facilitated by progressive development of mesoscopic 108 
fault arrays that allowed the base of the thrust sheets to deform by cataclastic flow (Holl 109 
and Anastasio, 1992). Tectonic fabrics, were developed, are consistently at a high angle to 110 
bedding, and are limited to stylolitisation and spaced cleavage dominated by pressure 111 
solution (Fig. 5). This is clearly suggestive of an early (pre-thrusting) localised LPS fabric 112 
developed during progressive deformation.  113 
114 
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AMS Sampling and Methodology  115 
Oriented block samples were collected from the Madison Group Limestone along the Sun 116 
River Valley in a transect arranged from east to west and parallel to the direction of thrust 117 
transport. Samples were collected from outcrops with well-defined bedding/cleavage 118 
relationships. Lithologies with complex sedimentary fabrics, such as syn-sedimentary 119 
deformation, burrowing, and cross bedding were avoided, as these might add further 120 
complexities to the relationship between bedding and tectonic fabrics. AMS samples and 121 
structural data were obtained from 72 sites. Between 8 and 14 core samples were drilled 122 
from each block sample. Out of the 72 block samples collected, 43 block samples survived 123 
drilling and yielded enough specimens to be statistically viable (Borradaile and Shortreed, 124 
2011). A minimum of five cylindrical specimens (22 mm × 25 mm) were prepared from each 125 
sample, yielding 479 individually oriented specimens for analysis. AMS analyses were carried 126 
out using the MFK1-A Kappabridge (AGICO, Czech Republic) at the New Mexico Highlands 127 
University Paleomagnetic-Rock Magnetic Laboratory. The MFK1-A Kappabridge has an 128 
operating frequency of 976 Hz with an applied field of 200 A/m, and an average sensitivity 129 
of ~2.0 × 10−8 SI. Jelinek (1981) statistics were evaluated using Anisoft (version 4.2; AGICO, 130 
Czech Republic; Chadima and Jelinek, 2009).  131 
132 
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AMS Analysis 133 
Magnetic susceptibility (k) is the induced magnetization (M) that is acquired within an 134 
externally applied field (H), k = M/H (Borradaile and Jackson, 2004). The preferred 135 
orientation of all magnetic minerals contributes to the observed AMS. Therefore, the total 136 
AMS is dependent on the magnetic mineralogy, i.e., the susceptibility and intrinsic 137 
anisotropy of minerals and their concentration, as well as their preferred orientation, and in 138 
the case of ferromagnetic minerals with a high spontaneous magnetization, their shape and 139 
grain size (eg., Tarling and Hrouda, 1993). AMS results are represented by the ellipsoids of 140 
magnetic susceptibility, similar to the strain ellipsoid, represented by three mutually 141 
orthogonal principal axes K1 ≥ K2 ≥ K3 (Borradaile, 1988, Borradaile & Jackson, 2010). These 142 
axes are the eigenvectors and eigenvalues of the bulk susceptibility tensor or Kmean: 143 
      (Eqn. 1). 144 
AMS records the net magnetic contribution of all the minerals in a sample, whether they are 145 
diamagnetic, paramagnetic, ferrimagnetic (senso stricto), ferromagnetic or anti-146 
ferrimagnetic (Tarling and Hrouda, 1993). Therefore, AMS is dependent on the magnetic 147 
(mineral susceptibility and anisotropy) and physical (shape, size, and preferred orientation) 148 
properties of these components (Tarling & Hrouda, 1993), and can be representative of all 149 
fabrics formed at different times and by different mechanisms.  150 
Consequently, AMS represents a composite fabric which can be related to depositional, 151 
diagenetic, magmatic, and tectonic processes, and as a result, fabric interpretation is not 152 
always straightforward (e,g., Borradaile and Jackson, 2004). Despite these complications, 153 
AMS is typically sensitive to weak tectonic fabrics and their associated slight preferred 154 
orientations of minerals, which contribute to the overall magnetic fabric (Aubourg et al., 155 
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1991; Averbuch et al., 1992; Borradaile and Tarling, 1981; Fuller, 1963; Kissel et al., 1986; 156 
Kligfield et al., 1981; Lowrie et al., 1986; Lüneburg et al., 1999; Parés et al., 1999; Borradaile 157 
and Jackson, 2010). It is also important to note that the magnetic ellipsoid, despite 158 
accurately representing the rocks petrofabric, cannot be simply correlated with the 159 
estimated strain ellipsoid or actual strain. This is due to a number of factors, but not limited 160 
to the following: rock composition has a fundamental control on the degree of anisotropy 161 
and not strain; the pre-deformation magnetic ellipsoid is not necessarily spherical; and the 162 
magnetic ellipsoid may also represent the sum of two competing fabrics, such as primary 163 
sedimentary fabrics and cleavage (Hirt et al., 1988 and 1993). Similar problems with non-164 
isotropic original fabrics have been described in traditional strain markers (Dunnet and 165 
Siddans, 1971).  166 
A structurally significant magnetic foliation (the plane perpendicular to K3, defined by K1 167 
and K2) and lineation (parallel to K1) can be obtained from this ellipsoid (Borradaile and 168 
Jackson, 2004). Additionally, the overall shape of the AMS ellipsoid can be useful for 169 
structural interpretations, with three main geometries being oblate (K1 ≅ K2 > K3, with K3 170 
perpendicular to magnetic foliation), prolate (K1 > K2 ≅ K3, with K1 parallel to magnetic 171 
lineation) and triaxial (K1 ≠ K2 ≠ K3). In order to quantify and represent these geometries in 172 
2D space the shape and anisotropy parameters of Jelinek (1981) are used. The shape 173 
parameter, Tj, is defined as:  174 
Tj =                        (Eqn. 2).  175 
While the degree of anisotropy, Pj, is defined as:  176 
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   (Eqn. 3). 177 
Tj and Pj can be plotted against each other in Cartesian space (Fig. 6a). Tj values range from 178 
−1 (prolate) to +1 (oblate), with a Tj value of 0 representing a triaxial neutral ellipsoid. Pj 179 
describes the relative strength of ellipsoid shape anisotropy, with increasing Pj values 180 
suggesting a stronger fabric or lineation.  181 
Fabric Types  182 
There is now a considerable amount of work detailing the development of tectonic fabrics in 183 
sedimentary rocks with a primary bedding fabric, as observed by AMS (Bakhtari et al., 1998; 184 
Graham, 1966; Kligfield et al., 1983; Parés et al., 1999; Robion et al., 1999; Parés, 2004; 185 
Burmeister et al., 2009). This development can be described using four types of ellipsoid 186 
geometries, summarised below and in Figure 6a and b. For a more complete description, 187 
see McCarthy et al. (2015).  188 
Type 1: An initial sedimentary fabric is typically characterised by a weakly oblate ellipsoid, 189 
with slight flattening parallel to bedding. In this case, the K1 and K2 axes are scattered in a 190 
girdle representing the magnetic foliation and roughly conforming to bedding, while K3 is 191 
perpendicular to the magnetic foliation/bedding. Strong magnetic lineations are rarely 192 
present, due to the highly scattered K1.  193 
Type 2: The first sign of an incipient tectonic fabric is typically weaker than the primary 194 
sedimentary fabric, therefore the AMS ellipsoid may still be weakly oblate and conformable 195 
with bedding. In this case, the K1 axes may start clustering in the direction of extension and 196 
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defining a magnetic lineation parallel to the intersection of an incipient LPS fabric with 197 
bedding.  198 
Type 3: As deformation continues, the magnetic ellipsoid becomes prolate, the K1 axes 199 
become strongly clustered and the K2 axes are roughly equal to the K3 axes.  200 
Type 4: The final stage involves a magnetic foliation perpendicular to bedding, with K1 and 201 
K2 axes forming a great circle girdle parallel to cleavage. The K1 axes may still be clustered 202 
at the intersection of bedding and cleavage, forming a magnetic lineation, or scattered in 203 
the plane of cleavage. This stage typically has flattened oblate AMS ellipsoids perpendicular 204 
to bedding. 205 
206 
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RESULTS  207 
Results from the AMS analyses are presented in Table 1 and summarised in this section. 208 
Bulk susceptibility varies from -3.8X10-5 SI to 1.9X10-4 SI, with the majority of samples 209 
yielding a negative (diamagnetic) or extremely weak susceptibility (Fig. 7a). Negative and 210 
extremely weak positive susceptibilities are common in very pure limestones that lack a 211 
volumetrically significant Fe-Ti oxide component or other magnetic Fe-bearing silicate 212 
phases. Calcite and dolomite, which are diamagnetic minerals (Hunt et al., 1995), are the 213 
dominant carrier of the AMS fabric in samples with negative bulk susceptibilities. The 214 
specimens with positive susceptibility values up to 1.9X10-4 are indicative of minor amounts 215 
of paramagnetic minerals, such as phyllosilicates, but these values are at the threshold 216 
intensities to  indicate the presence of a volumetrically dominant ferromagnetic mineral 217 
phase (Rochette, 1987).  218 
The corrected degree of anisotropy (Pj) varies from 1.01 to ~2.00, suggesting a range of 219 
fabric strengths, which is comparable to deformed limestones elsewhere (Borradaile et al., 220 
2012). The variation in Pj values do not appear to correlate with changes in bulk 221 
susceptibility (Fig. 7a), which implies that Pj is controlled either by primary or tectonic 222 
fabrics, rather than the composition of the limestones. Additionally, there is no obvious 223 
correlation between the shape parameter (Tj) and bulk susceptibility (Fig. 7b). Pj and Tj 224 
values are presented in Figure 8a-e for all specimens in each main thrust sheet.  It is evident 225 
from these plots that all thrust sheets sampled exhibit a range of AMS ellipsoid geometries 226 
from weak oblate through prolate with some samples exhibiting strong oblate geometries. 227 
228 
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The contribution of diamagnetic minerals in the sample suite from the Madison Group 229 
limestones complicates AMS interpretations. In pure calcite and dolomite, the principal 230 
negative susceptibility axis is aligned along the c-axis of the crystal (Borradaile et al., 2012), 231 
which is typically perpendicular to schistosity or tectonic cleavage (Flinn, 1965). Therefore, 232 
the maximum negative susceptibility axis in diamagnetic materials largely coincides with the 233 
normal to the dominant foliation (Borradaile et al., 2012). In order to compare the 234 
diamagnetic fabrics to paramagnetic fabrics, the orientation of the maximum (most 235 
negative) and minimum (least negative) axes are exchanged (Borradaile et al., 2012). 236 
In an attempt to identify regional magnetic fabrics, specimens have been split into two 237 
groups, (A) paramagnetic and (B) diamagnetic, and AMS principle axes plotted on lower 238 
hemisphere equal area projections with bedding and cleavage (Fig. 9). These plots show a 239 
considerable amount of scatter for both paramagnetic and diamagnetic samples; regardless 240 
of being corrected for bedding tilt. There is no clear regional trend for any of the 241 
susceptibility axes, but there is some clustering of K1 axes along bedding, cleavage, and the 242 
bedding/cleavage intersection lineation.  243 
244 
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Interpretation 245 
The AMS fabrics exhibit a range of fabric types that are commonly seen in fold and thrust 246 
belts (Bakhtari et al., 1998; Parés, 2004; Weil and Yonkee, 2009; Yonkee and Weil, 2010; 247 
McCarthy, 2015). These fabric types evolve from bedding controlled to tectonic cleavage 248 
through an intermediate stage with intersecting fabrics (Bakhtari et al., 1998; Borradaile et 249 
al., 2012). This evolution of fabric type is evident in the Pj-Tj plots, whereby ellipsoid shapes 250 
vary from weakly oblate with flattening parallel to bedding, to prolate with stretching 251 
parallel to the extension direction, and a final stage of oblate geometries with flattening 252 
perpendicular to bedding (Fig. 10; Parés, 2004). It is interesting to note, that despite this 253 
variation in magnetic fabric types, their does not appear to be a regular distribution of 254 
bedding controlled versus cleavage controlled fabric types within each thrusts sheet. 255 
Although penetrative tectonic fabrics are poorly developed at an outcrop scale, there is a 256 
regular correlation with AMS fabrics and recorded cleavage fabrics at a high angle to 257 
bedding, with K1 lineation axes plotting along a cleavage plane or at the cleavage bedding 258 
intersection lineation (Fig. 11).  259 
 260 
Where penetrative deformation fabrics are observed, they are at a high angle to bedding and 261 
largely limited to stylolitisation and occasional spaced cleavage. The poor development of 262 
penetrative fabrics in the Madison Limestones may be attributed to the relatively low burial 263 
temperature conditions experienced. The temperatures of 100˚C-175˚C constrained by illitic 264 
mineral assemblages (Gill et al., 2002; Hoffman et al., 1976; O’Brien et al., 2006) are below 265 
the temperatures required (200˚C-300˚C) for intra-crystalline plastic flow of calcite to 266 
become a dominant deformation mechanism (Engelder and Marshak, 1985). Analysis of thin 267 
sections reveal that grain scale deformation is limited to Type 1 calcite twinning (Ferrill et 268 
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al., 2004) and grain boundary bulging (Passchier and Trouw, 2005). Both of these textures 269 
indicate deformation temperatures below 170°C. The presence of a tectonic stylolitic fabric 270 
consistently at a high angle to bedding suggests that this fabric developed prior to thrusting. 271 
This is further confirmed by the coaxial folding of stylolites with bedding (Ward and Sears, 272 
2007).  273 
274 
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Discussion  275 
The main structures of the Sawtooth Range are characterised by thrust faults that place 276 
Madison Limestone over Cretaceous Shale (Holl and Anastasio, 1992). The emplacement of 277 
these thrusts was largely enabled by progressive development of mesoscopic fault arrays that 278 
allowed the base of the thrust sheets to deform by cataclastic flow (Holl and Anastasio, 1992). 279 
This brittle deformation is the most pervasive style of deformation at the base of each thrust 280 
sheet, with little or no penetrative deformation present. Therefore, it is argued that the thrust 281 
sheets were emplaced in a largely passive manner; with minor penetrative strain.  282 
This is significantly different from the stages of tectonic fabric development during thrust 283 
emplacement described by Sanderson (1982), whereby if cleavage developed during 284 
thrusting, it would be expected to develop at an oblique angle to bedding (Fig. 12). Similarly, 285 
Evans and Dunne (1991) identified four key deformation events associated with thrust sheet 286 
evolution: 1) initial Layer Parallel Shortening (LPS); 2) bending and folding at a ramp hinge; 287 
3) syn-thrusting related simple shear; and 4) post-emplacement flattening. These models 288 
suggest that LPS development precedes or is synchronous with thrust sheet emplacement, 289 
which is then followed by further deformation. Evans and Dunne (1991) also highlighted 290 
that the style of penetrative strain recorded in thrust sheets is dependent on whether the 291 
right temperature and pressure conditions are present to accommodate grain scale 292 
deformation, and that these conditions can vary temporally and spatially within a thrust 293 
sheet.  294 
The AMS results presented here do not identify any penetrative deformation that could be 295 
linked to syn-thrusting strain. Furthermore, the only penetrative tectonic fabrics identified 296 
were consistently perpendicular to bedding and appeared to be of a domainal nature. This is 297 
in agreement with the field studies that LPS occurred prior to thrust sheet emplacement.  298 
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Therefore, a schematic model for strain evolution in the Sawtooth Range is presented in 299 
Figure 12b. The first stage of deformation involves thrust fault initiation and related folding, 300 
facilitated by brittle deformation in the hangingwall fault boundary as described by Holl and 301 
Anastasio (1991). As this fault develops LPS occurs in the relatively undeformed footwall, 302 
which responds by developing an incipient cleavage. Further movement of the thrust fault 303 
along the footwall ramp promotes fracturing in structurally competent units such as the 304 
Allan Mountain Limestone and Castle Reef Dolomite Formations. With further faulting, the 305 
zone of brittle deformation widens and cleavage development continues in the footwall. 306 
When deformation transfers further into the foreland, a new thrust fault develops in the 307 
footwall and cleavage development ceases as compression is accommodated by a new 308 
foreland-ward phase of thrusting. Similar studies in the Wyoming fold and thrust belt that 309 
suggested LPS developed in individual thrust sheets prior to thrusting and as a consequence 310 
of shortening under the influence of the overriding thrust sheet (Wiltschko and Dorr, 1983).  311 
312 
Conclusion 313 
The carbonate dominated thrust sheets in the Sawtooth Range were emplaced in a largely 314 
passive manner. This rotation was facilitated by brittle deformation at the base of the thrust 315 
sheets as well as ductile deformation in the Cretaceous strata of the footwalls. The 316 
emplacement of these sheets effectively rotated an early or pre-thrusting LPS fabric. 317 
Furthermore, no penetrative fabric developed in the carbonates by deformation associated 318 
with thrusting has been detected by the AMS analyses.   319 
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Figure Captions 461 
Table 1 Table of AMS parameters. 462 
Figure 1 Regional tectonic map of the North American Cordillera modified from DeCelles and Coogan 463 
(2006). The study area is indicated with a heavy rectangle (AOI). 464 
Figure 2 Aerial photograph looking north across the Sawtooth Range by Bobak Ha’Eri (licensed under 465 
CC by 3.0), the Gibson Reservoir is in the right foreground and the Sun River extends eastward from 466 
the reservoir. Thrust geometries can be clearly seen with consistent westward dips. The section line 467 
A-A’ shows the approximate location of the cross section in Fig. 3b.  468 
Figure 3 a) Map of the Sun River area (redrawn from Mudge, 1982). b) Cross-section of line indicated 469 
in above map as A-A’ (redrawn from Fuentes et al., 2012). 470 
Figure 4 Stratigraphic succession encountered in the Sawtooth Range (modified from Mudge, 1972a; 471 
Holl and Anastasio, 1992; Fuentes et al., 2012). 472 
Figure 5 Field and sample images. a. Overview looking north of the frontal thrusts of the Sawtooth 473 
Range. Carboniferous age carbonates are thrust over Cretaceous shales. b. View looking northeast 474 
across Diversion Lake at Home Thrust and the overlying Sawtooth Thrust. c. View looking northeast 475 
of the Sawtooth thrust sheet from the French Thrust. d. Vertical solution seams cross-cutting 476 
bedding and running parallel to the hammer handle. Bedding is also vertical in this case, identified 477 
by lenses of chert above the hammer. e. Stylolitisation perpendicular to a bedding plane in Allan 478 
Member Limestone Fm. f. Thin section of Allan Mountain Limestone Formation. Field of view is 479 
approximately 4 mm. The coarse grained texture while ideal for strain analysis is rarely observed. 480 
Microstructural deformation observed is mainly grain boundary bulging and type 1 calcite twinning. 481 
Figure 6 a) The progression in ellipsoid shapes under progressive deformation using a Pj-Tj plot, 482 
modified from Parés (2004). Increases in Pj, the degree of anisotropy, imply increasing strength of 483 
the ellipsoid shape. Tj represents the shape parameter; positive numbers imply an oblate 484 
ellipsoid,whereas negative values imply a prolate ellipsoid, perfectly triaxial ellipsoids are 485 
represented by Tj values of 0. The representative fabric block diagrams are from Ramsay and Huber 486 
(1983). b) The evolution of ellipsoid orientations by progressive deformation (LPS) of an originally 487 
horizontal bedding fabric (Type 1). As LPS deformation continues the AMS ellipsoid becomes triaxial 488 
and starts to resemble Type 2. The first visible stage of deformation is associated with the 489 
development of a lineation (Type 3), typically represented by a prolate ellipsoid. As deformation 490 
continues this lineation becomes a foliation (Type 4) that is perpendicular to the original bedding 491 
plane. Modified from Bakhtari et al. (1998). 492 
Figure 7 AMS results A. Bulk susceptibility values versus corrected degree of anisotropy (Pj) B. Bulk 493 
susceptibility versus shape parameter (Tj). 494 
495 
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Figure 8 Pj-Tj plots of samples from each thrust sheet. a) Diversion thrust. b) Sawtooth thrust. c) 496 
French thrust. d) Norwegian thrust. e) Beaver thrust. Interestingly all thrust sheets, with the 497 
exception of French, exhibit the same pattern of AMS ellipsoid evolution from weakly oblate to 498 
strongly oblate through a prolate stage. 499 
Figure 9 Stereographic projections of principal axes for all specimens separated into two groups, 500 
paramagnetic (a) and diamagnetic (b). Individual bedding planes are indicated and primarily dip to 501 
westward. Average cleavage orientation is indicated. The second row shows the same data but 502 
corrected for bedding tilt for both paramagnetic (c) and diamagnetic (d) samples. Hollow symbols 503 
represent points plotting in the upper hemisphere.  504 
Figure 10 Enlarged geological map of study area. Sample locations are identified in italics. 505 
Stereographic projections of principal susceptibility axes for representative block samples across the 506 
sampled thrust sheets are shown. Location of cross section in Figure 11 is indicated. 507 
Figure 11 Stereographic projections of principal susceptibility axes for representative block samples 508 
across the sampled thrust sheets. Also shown is the inclination of magnetic foliation relative to 509 
bedding and tectonic stylolites. Magnetic fabric types are indicated. Inset illustrates evolution of 510 
magnetic fabric types assuming horizontal bedding. 511 
Figure 12 a) Strain development during thrusting (redrawn from Sanderson 1982). Top figure 512 
illustrates hypothetical strain ellipsoids during thrusting. Cross-hatching in lower figure shows areas 513 
of overprinted strains. b) Fault model for the Sawtooth Range (modified from Holl and Anastasio, 514 
1992). The relationship between brittle and rotated penetrative deformation (S1) is illustrated.  515 
516 
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Table 1 517 
518 
 519 
Anisotropy of Magnetic Susceptibility Data from Rocky Mountain Front
SITE N K1 K2 K3 Km K1 K1 95% K2 K2 95% K3 K3 95% L F P Pj T U
Dec/Inc Error Dec/Inc Error Dec/Inc Error
Field Block Samples
BGR2 Home 12 1.006 0.833 0.514 0.784 253.1/35 70.1/19.4 112.9/47.7 70.2/42.3 358.4/20.7 43.3/19.5 1.207 1.620 1.955 1.997 0.438 0.297
BGR3 Home 11 1.046 1.007 0.947 1.000 80.8/5.1 55.5/19.7 190.9/75.6 55.0/50.4 349.5/13.5 51.3/23.6 1.04 1.064 1.105 1.11 0.249 0.225
BGR4 Home 12 -0.93 -0.98 -1.09 -1.000 213.9/76.3 69/29.7 48.5/18.9 69/27.5 329.7/6.1 48.5/18.9 1.11 1.05 1.165 1.17 -0.35 0.387
BGR5 Home 16 1.183 1.007 0.796 0.995 261.4/58.9 48.2/29.4 16.3/14.3 49.2/32.5 113.8/27 35.5/29.1 1.18 1.264 1.485 1.49 0.184 0.087
Gr3 Home 10 0.472 0.309 0.008 0.263 174.6/.1 58.3/42.1 84.4/57.7 61.8/24.6 264.6/32.3 52.6/30.1 2.069 -3.175 -6.568 0.000 0.000 0.296
BGR6 Home 10 1.004 1.003 0.993 1.000 210.8/28.2 79.0/32 344.6/52.3 79/47.4 107.7/22.9 48.1/32.9 1 1.01 1.011 1.01 0.725 0.724
BGR7 Home 11 -0.96 -1.01 -1.03 -1.000 234.1/11.5 32.9/22 348.4/63.8 51.3/28.6 139.1/23.2 50.4/22 1.03 1.048 1.075 1.08 0.299 -0.03
BGR8 Home 14 -0.94 -1.01 -1.06 -1.000 227.1-12.3 48.5/25.1 101.7/69.3 51.9/41.2 320.8/16.3 47.6/28.4 1.05 1.071 1.125 1.13 0.159 -0.13
Gr8 Home 6 -0.976 -0.978 -1.046 -1.000 281.1/35.4 71.6/5.1 138.5/48.2 71.6/13.9 25.5/19.3 16.9/6.3 1.069 1.003 1.072 1.082 -0.919 0.922
Gr6 Home 16 0.162 0.073 -0.235 0.000 324.1/15 47.7/9.9 149.7/74.9 47.8/16.1 54.5/1.4 17.9/9.2 2.232 -0.309 -0.691 0.000 0.000 0.549
BGR13 Diversion 11 1.014 0.622 0.336 0.657 60.8/20.7 30.1/8.4 202.4/64.3 27.3/18.6 325.1/14.6 27.9/16.7 1.55 1.418 2.198 2.2 -0.11 -0.3
BGR12 Diversion 12 -0.49 -0.7 -0.79 -0.659 79.1/14.9 30.4/12 193.4/57.1 61.7/11.7 340.7/28.6 62.3/22 1.12 1.439 1.618 1.65 0.513 -0.42
BGR11 Diversion 13 -0.94 -1.01 -1.04 -1.000 44.1/12.6 28.4/13.7 149.1/49.4 39.4/27.9 304.1/37.9 39.3/13.3 1.03 1.073 1.107 1.11 0.388 -0.37
BGR10 Diversion 14 -0.97 -0.99 -1.04 -1.000 36.6/16.5 43.8/24.3 163/63.4 44.9/25.3 300.3/20.2 32.9/16.2 1.05 1.028 1.08 1.08 -0.3 0.315
BGR16 Diversion 7 -0.94 -1 -1.06 -1.000 40.7/28 56.4/25.4 272.2/49.5 57.1/21.4 146.2/26.7 28.7/24.7 1.06 1.06 1.012 1.12 0.024 0.004
BGR15 Diversion 10 1.009 0.999 0.992 1.000 241.4/18.4 59.1/28.5 332.4/2.9 67.9/58.6 71.1/71.4 67.8/28 1.01 1.007 1.018 1.02 -0.02 -0.18
BGR14 Diversion 14 1.193 0.726 0.536 0.818 247.7/7.2 33.1/21.2 350.3/60 46.1/32.1 153.7/29 46.2/20.6 1.64 1.356 2.227 2.24 -0.24 -0.42
Gr10 French 13 1.104 0.992 0.863 0.986 276.9/24.2 37.7/8.2 169.9/33.1 50.9/37.6 35.7/46.9 51/5.4 1.112 1.150 1.279 1.280 0.134 0.074
Gr11 French 13 1.071 1.016 0.913 1.000 58/19.8 20.3/8 155.7/20.5 20.5/11.9 239/15 13.2/6.2 1.054 1.113 1.173 1.177 0.341 0.306
Gr12 French 11 1.052 1.024 0.924 1.000 138.6/35 11.1/2.9 20.7/33.7 11.3/3.3 260.5/37 4.2/3.7 1.027 1.108 1.138 1.146 0.583 0.561
Gr13 French 9 -0.966 -1.006 -1.028 -1.000 155.2/6.4 30.9/15.4 320.5/83.4 56.6/26.8 65/1.7 56.1/16.5 1.022 1.042 1.064 1.065 0.308 -0.293
Gr33 French 8 0.828 0.740 0.682 0.750 210/83.5 27.3/14.7 338.5/4.1 49/19.2 68.9/5.1 50.5/13 1.120 1.084 1.214 1.215 -0.017 0.211
Anisotropy of Magnetic Susceptibility Data from Rocky Mountain Front
SITE N K1 K2 K3 Km K1 K1 95% K2 K2 95% K3 K3 95% L F P Pj T U
Dec/Inc Error Dec/Inc Error Dec/Inc Error
Gr37 Norwegian 10 -0.970 -0.990 -1.040 -1.000 156.1/1.7 37.1/8.3 252.5/75.3 36.5/15.1 65.6/14.6 15.2/12.4 1.051 1.020 1.072 1.074 -0.422 0.436
Gr5B Norwegian 6 -0.133 -0.371 -0.496 -0.333 259.3/26 15.2/10.2 145.5/39.6 39.4/13.6 12.8/39.3 39.9/9.3 1.336 2.790 3.727 3.985 0.560 -0.313
Gr36 Norwegian 16 0.915 0.859 0.851 0.875 183.1/51.1 10.1/5.9 32.5/35.1 59.8/8.4 291.9/14.6 59.8/6.5 1.056 1.009 1.076 1.083 -0.075 0.076
BGR20 Norwegian 13 1.02 1.007 0.973 1.000 248.8/48 34/14.3 65.2/42 33.7/11.7 156.7/1.6 15.8/11 1.01 1.035 1.048 1.05 0.449 0.439
Gr39 Norwegian 12 -0.494 -0.713 -0.957 -0.721 334.4/22.5 52.1/25.2 195.1/61.4 52.3/36.8 71.6/16.8 38.4/27 1.341 1.443 1.936 1.938 0.111 0.052
Gr35 Norwegian 14 -0.768 -0.875 -0.928 -0.857 99.6/39.8 33.4/15.2 303.6/47.6 56/25.4 200/12.2 55/17.1 1.060 1.140 1.210 1.215 0.382 -0.341
BGR19 Norwegian 11 1.035 0.998 0.967 1.000 313.1/19.9 16.7/4.8 202.3/44.5 16.7/5.3 60/38.9 6.3/3.6 1.04 1.031 1.07 1.07 -0.09 -0.11
Gr34 Norwegian 10 1.043 1.004 0.953 1.000 199/43.4 11.9/4.0 0.4/45 11.7/10.3 100/9.4 10.4/4.4 1.038 1.053 1.094 1.094 0.160 0.138
Gr38 Norwegian 8 1.060 1.002 0.938 1.000 316.4/22.5 26.4/8.7 204.2/42.5 26.1/15 66.1/39.1 31.2/11.3 1.058 1.068 1.130 1.130 0.082 0.052
BGR21 Norwegian 17 -0.68 -0.83 -1.13 -0.880 217.8/4.3 59.4/31.4 114/72.4 59.2/50.6 309.1/17 51.1/34 1.36 1.213 1.654 1.66 -0.02 0.347
Gr24 Beaver 9 -0.840 -0.983 -1.177 -1.000 337.5/14.5 21.9/3.9 238.9/30.1 27.1/8.5 89.9/55.9 21.8/4.4 1.198 1.170 1.401 1.402 -0.069 0.152
Gr23 Beaver 8 -0.800 -0.976 -1.158 -0.978 349/20.8 8.5/1.8 87.3/20.9 18.7/8.5 218.2/59.8 18.7/1.8 1.187 1.219 1.447 1.447 0.072 0.020
Gr21 Beaver 15 -0.973 -0.990 -1.036 -1.000 288.1/40.7 46.3/19.1 44.2/27.1 46.3/27.4 157.2/37.3 27.9/18.6 1.047 1.017 1.065 1.067 -0.463 0.475
Gr20 Beaver 10 -0.098 -0.993 -1.025 -0.705 234.3/14.5 50.4/26.6 87.9/72.8 50.8/28.9 326.7/9.1 35.4/19.7 1.032 1.011 1.043 1.045 -0.488 0.496
Gr19 Beaver 8 -0.096 -0.979 -1.061 -0.712 229.4/5.5 50.5/13.5 124.7/69.1 50.3/16.1 321.4/20.1 18.9/11.9 1.084 1.020 1.105 1.112 -0.609 0.625
Gr30 Beaver 7 0.186 0.137 0.106 0.143 115.6/44.4 9.3/5.3 13.3/12.2 12.5/8.4 271.6/43 12.7/6.2 1.362 1.287 1.753 1.754 -0.100 -0.237
Gr32 Beaver 7 -0.958 -0.983 -1.058 -1.000 251.9/1.6 53.4/8.7 159.9/50.8 53.5/11.8 343.2/39.1 14.1/6.4 1.076 1.026 1.104 1.108 -0.481 0.500
Gr25 Beaver 12 -0.955 -0.984 -1.062 -1.000 318.2/19.5 67.3/45.2 187/61.8 67.3/45.2 55.5/19.6 49.1/29.7 1.079 1.030 1.112 1.116 -0.438 0.459
Gr18 Beaver 11 -0.307 -0.431 -0.650 -0.463 128.3/1.5 19.3/10 260.2/87.8 19.6/13.4 38.3/1.6 16.6/6.7 1.508 1.402 2.114 2.116 -0.097 0.278
Gr17 Beaver 9 1.021 0.998 0.981 1.000 129.6/30.5 21.3/15.5 35.6/6.8 46.3/20.1 294.4/58.6 46.5/15.5 1.024 1.017 1.041 1.041 -0.163 -0.172





































S.A.F:  San Andreas Fault
S.N.B:  Sierra Nevada Batholith
I.B:       Idaho Batholith
LFTB:  Lunning Fencemaker Thrust Belt
CNTB: Central Nevada Thrust Belt 















































































































































































































































































































































































































Castle Reef Dolomite Forma on 
Sun River Member
Lower Member
Thick-bedded fine to medium 









Fine-grained dolomite with 
occasional chert nodules, 
interbedded with encrinites
Fine-grained dolomite with 
occasional chert nodules
Coarse-grained dolomite, 





Fine-grained dolomite and 
dolomi c limestone, interbedded 
with encrinites and occasional 
chert nodules in upper sec on
Fine-grained limestone 
































































































































Increasing strength of ellipsoid shape
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Hollow symbols represent 
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Figure 12
